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TITLE 

OPTICAL PROCESSOR 

This U.S. Patent Application is a Continuation in Part from U.S. Non-Provisional 
Application No. 09/81 1,081, titled "Holographic Spectral Filter," filed March 16, 2001, 
which claims the benefit of U.S. Provisional Application No. 60/190,126, filed March 16, 
2000, and of U.S. Provisional Application No. 60/199,790 filfed April 26, 2000, and of 
U.S. Provisional Application No. 60/235,330 filed September 26, 2000, and of U.S. 
Provisional Application No.60/247,231 filed November 10, 2000. 

FIELD 

The field of interest is optical signal processing. 

BACKGROUND 

Spectral filtering is a very useful optical function that can be utilized to control 
the temporal waveform of pulsed optical signals, to cross-correlate or otherwise process 
optical signals, and to differentially control and manipulate spectrally-distinguished 
optical communication channels, as found for example in wavelength-division- 
multiplexed (WDM) optical communication systems. Devices have been introduced over 
the years to perform spectral filtering, all of which have characteristic shortcomings, 
along with their strengths. In many cases these shortcomings, including limited spectral 
resolution, alignment sensitivity, fabrication difficulties, high cost, and lack of flexibility, 
have prevented widespread application. 

A spectral filtering device, according to the present usage, is a device that applies 
a fixed or dynamically re-programmable, complex-valued, spectral transfer function to an 
input signal. If E in (co) and E oul ((o), respectively, represent Fourier spectra of input and 
output signals, computed on the basis of the time-varying electric fields of the two 
signals, and T(a>) is a complex-valued spectral transfer function of modulus unity or 
smaller, the effect of the spectral filtering device can be represented as 
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Eout(o)) =T(to) *E in (co) 

The transfer function T(o) has an overall width and a resolution width A r , 
5 where the latter quantity is the minimum spectral interval over which T(co) displays 
variation (see Fig. 1). A r is a measure of the transformation ability of a spectral filtering 
device. The physical characteristics of a spectral filtering device 100 determine the range 
and types of spectral transfer functions that it can provide. We limit our discussion here 
to spectral filtering devices that act to apply a fully coherent transfer function, i. e. the 
10 device fully controls the amplitude and phase shifts applied to an input signal spectrum, 
except for an overall phase factor. 

B * 

As a special case, if T(co) is set equal to the conjugate Fourier spectrum E ref (co) of 

12 a reference temporal waveform, also called the design temporal waveform, the output 

=3= 

j«j 15 field from the spectral filtering device is proportional to the cross-correlation of the input 


O 


field with the reference temporal waveform. Temporal cross-correlation capability is 
widely useful in temporal pattern recognition. 


Spectral filtering devices can be utilized to transform input signals from one 

Ej 20 format into another, or to tailor spectra to some preferred form. A spectral filtering 

D 

N : device, according to the present usage, may or may not have the additional capacity to 
transform the spatial wavefront of input optical signals. 

The capabilities of a spectral filtering device can be utilized in multiple ways in 

25 communications systems, including signal coding and decoding for Code-Division 

Multiplexing (CDM), optical packet recognition, code-based contention resolution, as 

WDM multiplexers and demultiplexers, and as WDM add/drop multiplexers. Figure 2 

(prior art) depicts the encoding and decoding of optical signals in a CDM context. Data 

202 is input through a first communication channel, and data 206 is input through a 

30 second communication channel. Data 202 passes through a spectral filter 204, which 

encodes data 202 with an identifying code. Similarly, data 206 is encoded with an 
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identifying code by a spectral filter 208. The encoded signals are combined and 
transmitted over an optical transmission line 210. At their destination the encoded 
signals are split into two paths, 212 and 214. The upper path 212 feeds into a spectral 
filter 216, which imparts a transfer function that is the conjugate transfer function of the 
5 filter 204. The output of spectral filter 216 is a signal comprising the superposition of 
data 202 and data 206; however, due to the encoding imparted by spectral filters 204 and 
208 and subsequent decoding by spectral filter 216, this output signal contains a 
component 218 originating from 202 that has a specific recognizable temporal waveform, 
typically comprising a brief high power peak for each bit transmitted, along with a 
10 component 220 originating from data 206. In the upper path, the component originating 
from data 206 has a temporal waveform structure that can be discriminated against in 
detection. Typically, the component 220 originating from the data 206, has no brief high 
S power peak. 

to 

15 In similar fashion, the lower branch 214 feeds into a spectral filter 222, the output 

Ul of which is a signal made up of the superposition of a component 224 originating from 

SJ data 206, and a component 226 originating from signal 202. As before, the two signal 

jU components have distinguishable temporal waveforms, with the component from data 

=P 206 typically having a brief detectable high power peak while the component from data 

ru 

m 20 202 lacking the brief high power peak, and hence remaining below a detection threshold, 
p An element in CDM detection is the implementation of thresholding in the detection 
scheme that can distinguish input pulses of differing temporal waveform character. 

A variety of other CDM methods are known, many of them having need for high 
25 performance spectral filtering devices. Some alternative CDM approaches operate 
entirely with spectral coding. Different applications for high performance spectral 
filtering devices exist. Spectral filtering devices capable of accepting multiple 
wavelength-distinguished communication channels through a particular input port, and 
parsing the channels in a predetermined fashion to a set of output ports, i.e., a WDM 
30 demultiplexer, have wide application. This is especially true if the spectral filtering 
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device is capable of handling arbitrary spectral channel spacing with flexible and 
controllable spectral bandpass functions. 


There is another class of spectral filters wherein the entire spectral filtering 
5 function is effected through diffraction from a single diffractive structure, having 
diffractive elements whose diffractive amplitudes, optical spacings, or spatial phases vary 
along some design spatial dimension of the grating. Diffractive elements correspond, for 
example, to individual grooves of a diffraction grating, or individual periods of refractive 
index variation in a volume index grating. Diffractive amplitude refers to the amplitude 
10 of the diffracted signal produced by a particular diffraction element, and may be 
controlled by groove depth or width, magnitude of refractive index variation, magnitude 
of absorption, or other quantity, depending on the specific type of diffractive elements 
G comprising the diffractive structure under consideration. Optical separation of diffractive 
m elements refers to the optical path difference between diffractive elements. Spatial phase 
^15 refers to the positioning as a function of optical path length of diffractive elements 
IT relative to a periodic reference waveform. The spatial variation of the diffractive 
Q elements encodes virtually all aspects of the transfer function to be applied. We refer 
L here to diffractive structures whose diffractive elements (grooves, lines, planes, 

£ refractive-index contours, etc.) possess spatial variation representative of a specific 

TJ 

20 spectral transfer function by use of the term "programmed" Programmed diffractive 
P structures, i.e. those structures whose diffractive elements possess spatial structure that 
encode a desired spectral transfer function, have only been previously disclosed in the 
case of surface relief grating filters, and in fiber grating filters whose diffractive elements 
correspond to lines (or grooves) and constant index planes, respectively. Programmed 

25 diffractive structures known in the art do not provide for the implementation of general 
wavefront transformations simultaneously with general spectral transformations. 

Programmed surface gratings and programmed fiber gratings are encumbered 
with severe functional constraints. A programmed surface-grating filter has a 
30 fundamentally low efficiency when used to implement complex spectral transformations, 
and requires alignment sensitive free-space optical elements to function. Programmed 
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single-mode fiber-grating filters, i.e., fiber-grating filters comprising single-mode optical 
fiber, produce output signals that are difficult to separate from input signals (since they 
can only co- or counterprop agate). Furthermore, when light is input to the device and 
output from the device using only the single propagating mode of the fiber, programmed 
single-mode fiber-grating filters can only support a single transfer function within a given 
spectral window. 


SUMMARY OF THE INVENTION 


Method and apparatus are disclosed for optical packet decoding, waveform 
generation and wavelength multiplexing/demultiplexing using a programmed holographic 
structure. A configurable programmed holographic structure is disclosed. A 
configurable programmed holographic structure may be dynamically re-configured 
through the application of control mechanisms which alter operative holographic 
structures. 
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BRIEF DESCRIPTION OF THE FIGURES 

Fig.l (prior art) shows a block diagram of an input signal Ei n (t) accepted by a 
spectral filtering device comprising a transfer function T (co), and a processed output 
signal E ou t (t). 

5 Fig. 2 (prior art) shows a block diagram of data input from two sources, applying 

a spectral filter to each input, transmission and subsequent decoding. 

Fig. 3 shows a programmed holographic structure with multiple inputs and 
outputs, according to an embodiment of the invention. 

Fig. 4 shows a programmed holographic structure configured as a 
10 coding/decoding device, according to an embodiment of the invention. 

Fig. 5 shows a configurable programmed holographic structure, configurable by a 
set of electrical traces situated in a plane parallel to the configurable programmed 
holographic structure, according to an embodiment of the invention. 

Fig. 6 shows a plurality of configurable programmed holographic structures, each 


U 


1 5 of which is configurable by a set of electrical traces situated in a plane parallel to an 
« adjacent configurable programmed holographic structure, according to an embodiment of 

the invention. 

± 

[U Fig 7 shows a configurable programmed holographic structure in a WDM 

Hi 

multiplexer application, according to an embodiment of the invention. 
20 Fig. 8 shows a configurable programmed holographic structure in an optical 

packet decoder application, according to an embodiment of the invention. 

Fig. 9 shows a configurable programmed holographic structure comprising a 
plurality of segments and a set of electrical traces to alter the spatial structure of a 
segment, according to an embodiment of the invention. 
25 Fig. 10 shows a configurable programmed holographic structure with individual 

control elements situated below diffraction elements, according to an embodiment of the 
invention. 

Fig. 1 1 shows a configurable programmed holographic structure, a control 
element situated below a segment controlling the average index of refraction of the 
30 segment, according to an embodiment of the invention. 
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Fig. 12 shows a configurable programmed holographic structure with a plurality 
of control elements situated below a respective set of sub-segments, each control element 
controlling the average index of refraction of the respective sub-segment, according to an 
embodiment of the invention 

Fig. 13 shows a configurable programmed holographic structure with a gap 
situated between two segments, a control element situated beneath the gap controlling the 
index of refraction of the gap, according to an embodiment of the invention. 
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DETAILED DESCRIPTION 

In the following description, various aspects of the present invention will be 
described. However, it will be apparent to those skilled in the art that the present 
5 invention may be practiced with only some or all aspects of the present invention. For 
purposes of explanation, specific numbers, materials and configurations are set forth in 
order to provide a thorough understanding of the present invention. However, it will also 
be apparent to one skilled in the art that the present invention may be practiced without 
the specific details. In other instances, well known features are omitted or simplified in 
1 0 order not to obscure the present invention. 


Various operations will be described as multiple discrete steps in turn, in a 
manner that is most helpful in understanding the present invention. However, the order 
of description should not be construed as to imply that these operations are necessarily 
15 order dependent. In particular, these operations need not be performed in the order of 
presentation. 


E 


A temporal-imaging device, also referred to as a programmed holographic 
structure herein, typically comprises a thin slab of substrate material having centimeter- 
ru 20 scale extent in the x- and y-directions, and micron-scale extent in the z-direction, ideally 
p confining waves to a single mode (or a few modes, to allow polarization design 
^ flexibility) along the z-direction. Input and output signals typically propagate within the 
slab substantially in the x-y plane. Optical signals are typically coupled into the 
programmed holographic structure along its edge or via waveguide structures, or as 
25 otherwise convenient. The temporal-image structure written within the thin (alternatively 
called planar herein) slab diffracts the input signal or signals to one or more output ports, 
while simultaneously applying a programmed temporal transfer function. 

The manufacture of a programmed holographic structure may be accomplished by 
30 a number of methods. Due in part to the thinness of the planar slab, the requisite 
structure can be imparted by, e.g., deformation of the slab's x-y surface through a 
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stamping or etching process, or by deposition of an index-perturbing structured surface 
layer. Holographic optical exposure may also be utilized. Fabrication of thin structures 
typically mandates a robust support structure attached to one or both sides of the device 
in the x-y plane. 

5 

Coupling of input and output waveguides, typically optical fibers, to a planar, 
thin-slab device eliminates a fundamental disadvantage of one-dimensional devices , i.e., 
superimposed input and output directions. Coupling of input and output waveguides, 
typically optical fibers, to a planar, thin-slab device also offers the potential of multi- 
10 channel coding and decoding in a single device. Another advantage of the programmed 
holographic structure approach is the ability, through use of semiconductor materials, to 
integrate diffraction-based optical and electronic processing onto a single substrate. 

o 

rg A programmed holographic structure enables the designer to create, in a single 

rfj 15 device, a family of input ports, each of which is coupled to one or more of a family of 
Ul output ports, with each input-output connection possessing a temporal transfer function 
Si independent of other temporal transfer functions. For example, figure 3 shows a device 
~ 300, in which two input ports 302, 304 feed input signals to a programmed holographic 
structure 320, and three output ports 306, 308, 310 receive output from the programmed 

Rj 

frj 20 holographic structure 320. Each temporal-image diffractive structure in a programmed 
holographic structure may be designed to implement a design transfer function, and 
temporal-image diffractive structures may be superimposed. 

An application of the multiple path potential of programmed holographic 
25 structures is afforded by the following example of an optical packet decoder. An input 
port of a programmed holographic structure is mapped with connection-specific transfer 
functions, to a family of output ports. The transfer function associated with each 
connection (also termed a "cross-correlating transfer function" herein) cross-correlates 
input signals against a specific reference waveform (a reference waveform is also called a 
30 reference packet herein). A cross-correlating transfer function is typically calculated as 
the complex conjugate of the Fourier transform of a reference waveform. In a fully 
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integrated device, output ports may be replaced with an integrated photodiode array and 
support electronics to provide optical packet-to-electronic conversion, rather than optical 
bit-to-electronic conversion. Support electronics for the integrated photodiode array may 
comprise the following: electronic circuitry that selectively detects signal waveforms 
5 representing matched correlations to a reference waveform, thresholding sensing 
circuitry, and power supply (as needed). 

Figure 4 shows a programmed holographic structure 400 according to an 
embodiment of the invention. In accordance with the illustrated embodiment of Fig. 4, 
- 10 programmed holographic structure 400 comprises one or more sets of diffraction 
elements 402 which are shaped as similar curves, the diffraction elements within each set 
being chosen to provide reflective imaging of wavefronts emitted from an input port 404 
O onto an output port 406. Input is provided through the input port 404, which may be 
m angled towards the center of the programmed holographic structure in order to effect the 
Jf;15 overlap of an input optical beam and an output optical beam, typically resulting in 
Ul increased efficiency of the device. 

Cj In the discussion that follows, a pair of conjugate image positions of a set of 

~ curves is defined by the relationship that certain spectral components of a signal 

=C emanating from one image position, are focused by the spatial transfer function of the 
pj 

jjj 20 programmed holographic structure, to the conjugate image position; furthermore the two 
P positions act reciprocally, so that the same spectral components within a signal emanating 
from the second position are focused by the transfer function onto the first position. The 
input port 404 and the output port 406 may be respectively situated at conjugate image 
positions of a set of diffraction elements 402 comprising a family of curves, with the 
25 diffraction elements 402 spaced XJ2 apart, where X 0 is an optical carrier wavelength 
measured in the waveguide medium. As seen in Fig. 4, the diffraction elements 402 may 
be broken into segments 408, 410, 412, 414, 416, a segment comprising one or more 
diffraction elements, each segment controlling a distinct time-slice in the temporal 
impulse response function that characterizes effect of the device on an optical signal 
30 input at the input port 404, an output emerging at the output port 406. Control over the 
phase and amplitude of these segments allows for complete control over the temporal 
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impulse response function, and hence the spectral transfer function of the programmed 
holographic structure. 


Figure 4 illustrates an example of how a programmed holographic structure might 
5 be implemented that correlates an input optical signal with a reference optical signal 
whose complex amplitude varies in time according to the sequence (1,-1,1,1,1). The -1 
value of the complex amplitude represents a n phase shift. Note that the segment 414 is 
phase-shifted by an amount of 7i/2, i.e., additional optical path length of XJA, with respect 
to the other segments, producing a round-trip phase shift of n. This imparts the necessary 
10 coding for the programmed holographic structure to produce an auto-correlation peak at 
the output, when an input optical signal (possessing a complex amplitude) has 
substantially the same temporal variation as the reference optical signal. By 

5 implementing controls that allow for smaller phase shift, poly-phase codes can be 

yy 

00 encoded and processed in similar fashion. 

y 15 Combining programmed holographic structures with electronic and photonic 

circuit technology, is of particular interest. In one embodiment, detectors such as a 
photodiode array, along with support electronics that may include electronic circuitry that 
selectively detects signal waveforms representing matched correlations to a reference 
waveform, thresholding sensing circuitry, and power supply (as needed), may be 
P 20 integrated directly onto the output ports, providing an integrated, robust, multi-channel 


m 


<=E> 


decoder. 

A configurable programmed holographic structure is a programmed holographic 
structure that enables a user to control one or more program characteristics. According to 

25 one implementation of the invention, program characteristics comprise an 
implementation of a transfer function which, when interacting with an input signal, 
produces an output signal whose characteristics typically differ from that of the input 
signal. These signal characteristics comprise wavefront shape, wavefront direction and 
temporal waveform. The program characteristics are modified by changing optical 

30 characteristics of the structure, typically through addition of energy through energy 

channeling means such as electronic circuitry. The energy channeling means are coupled 
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to the programmed holographic structure and act as control mechanisms. Energy sources 
may comprise electromagnetic, thermal, photonic, acoustical, nuclear, chemical, and 
combinations thereof; typically energy sources comprise electromagnetic, thermal and 
photonic. The coupling may be effected through, e.g., proximity of a programmed 
5 holographic structure to the energy channeling structures, which may be integrated on a 
monolithic substrate. 


In one embodiment as shown in Fig. 5, dynamic control (also called dynamic 
configurability herein), which is control that may vary in time and hence effect re- 
10 configuring of a configurable programmed holographic structure 508, can be 
implemented by placing the configurable programmed holographic structure 508 on an 
integrated circuit chip 500 that further comprises one or more groups of electrical traces 
O 510. Due in part to the spatial design of the plurality of electrical traces 510 on the chip 
jg 500, the electrical traces 510 can impart, via direct or indirect electro-optic effects, 
rn 15 changes in optical characteristics, such as the index of refraction, of the optical material 
ifi in close proximity to the group of electrical traces 510, forming a dynamically 
%j configurable programmed holographic structure. Application of control voltages (which 
L control voltages may change over time) through electrical terminals 512 to different 

*P groups of conductive traces, can control the amplitude and phase of different segments of 

ru 

20 diffractive elements, thereby dynamically controlling the configurable programmed 
holographic structure transfer function. 

In another embodiment depicted in Fig. 6, multiple layers of conductive traces 
610 allow for multiple configurable programmed holographic structures 608 to be re- 

25 configured, with dynamic control effected through application at electrical terminals 612 
of user-determined control voltages. Control logic 620 can be implemented as part of the 
integrated circuitry, greatly simplifying the packaging of the device 600, i.e., eliminating 
complicated wire-bonding or interconnections. For instance, the case of an optical 
decoder device, the entire device may be implemented on a single chip, with only a single 

30 grooved optical waveguide input coupling, and no coupling lens needed. 
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Dynamic control, through dynamic configuration of the configurable programmed 
holographic structure, is not limited to the control or generation of waveforms. The 
integrated configurable programmed holographic structures described above can also be 
employed to solve the general problem of dynamically interconnecting multiple input and 
5 output ports in various application areas, including those involving Wavelength Division 
Multiplexing (WDM). 

Several implementations will now be discussed. 

10 WDM Cross-Connect/Multiplexer 

A configurable programmed holographic structure's ability to function in WDM 
applications reveals clear immediate potential for use in optical communication systems. 
O Fig. 7 shows implementations of a configurable programmed holographic structure 700. 
03 For example, in Fig. 7(a) a communication channel comprising an encoded optical carrier 
jTj 15 wavelength X\ m o<\, arriving at an input port 702 of a configurable programmed 
^ holographic structure 710, is directed to an output port 704. In Fig. 7 (b) the configurable 
HI programmed holographic structure has been re-configured, directing the encoded optical 
p carrier wavelength to output port 706. A multiply-programmed configurable 
programmed holographic structure comprising a plurality of superimposed patterns, 

fU 

m 20 allows the configurable programmed holographic structure to be dynamically 
P reconfigured so that, for example, multiple WDM channels arriving at an input port may 

be individually and selectively redirected to any or all of a set of output ports. In Fig. 

7(c) a multiply-programmed configurable programmed holographic structure 720 is 

dynamically configured so that wavelengths k\ 9 Xi> A*, arriving at an input port 702 are 
25 redirected so that X\ is output on an output port 708; X 2 and A, 3 , are output on an output 

port 704; and X\ and A 3 , are output on an output port 706. 

Optical Decoder 

One application of the configurable programmed holographic structure is to act as 

30 the decision-making component in a high-bandwidth optical decoder. A configurable 

programmed holographic structure can receive and operate in real-time, on packet 
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headers that are coded at bandwidths exceeding several Gigahertz (GHz). This can be 
accomplished as follows: feeding a small portion of an incoming data stream to the 
configurable programmed holographic structure, (the configurable programmed 
holographic structure may also act as a splitter; alternatively, an external coupler can be 
5 used) the configurable programmed holographic structure acts on the packets contained 
in the data stream, as a temporal-code-to-spatial-code converter; the spatial codes can 
then be quickly converted to electronic signals that control the switching device. The 
latter is particularly practical with a configurable programmed holographic structure that 
is integrated on an integrated circuit. Fig. 8 shows a configurable programmed 
10 holographic structure implemented as an optical decoder 800. Optical packets 810, 812, 
and 814 are input to an input port 802. The signal emerging from each of the output ports 
804, 806, 808 is the cross-correlation of the input signal with a reference packet. 


m Dynamic Programming 


r 3 


^ 15 There are several methods that can be used to dynamically control the temporal, 

Ul processing, and spatial attributes of a configurable programmed holographic structure, 

%j through control of one or more optical characteristics of the material comprising the 

L configurable programmed holographic structure, optical characteristics comprising those 

£ physical parameters wherein a change in the value of the physical parameter effects a 

fti 

20 change in the interaction of the material with an incoming optical signal. 


In one embodiment, the basic operational units of a configurable programmed 
holographic structure comprise segments, each of which comprises a plurality of 
diffractive elements spatially grouped together; alternatively a segment may comprise a 

25 single diffractive element. The frequency selectivity of the configurable programmed 
holographic structure is given approximately by c/2nL, where L is the entire length of the 
configurable programmed holographic structure and n is the average index of refraction 
within the configurable programmed holographic structure. The selectivity of an 
individual segment of the configurable programmed holographic structure is given 

30 approximately by c/2nd, where d is width of a segment. For an embodiment comprising 
uniformly sized non-overlapping segments, d « L/N, where N is the number of segments. 
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In addition to uniformly sized distinct partitions, there are other schemes for segmenting 
configurable programmed holographic structures; these other schemes also fall within the 
scope and spirit of the invention. 

The program characteristics of a configurable programmed holographic structure 
may be altered, configured, or re-configured by a number of techniques. According to 
one implementation, the spatial structure of one or more segments may be altered by 
several means, including electrical and optical means. Spatial structure refers to the 
spatial profile of one or more optical characteristics, e.g., index of refraction. In one 
embodiment, a segment's spatial structure may be altered by applying a voltage to one or 
more sets of underlying patterned electrical traces, which may effect a change in the 
index of refraction of diffractive elements located in the proximity of, e.g., directly above 
or below, the sets of electrical traces. Fig. 9 (Fig. 9a is an overhead view, Fig. 9b is a 
side view) depicts an embodiment wherein the spatial structure of a configurable 
programmed holographic structure may be altered via electrical traces 916, 918 situated 
on a plane adjacent to the configurable programmed holographic structure, integrated 
with the configurable programmed holographic structure on a monolithic substrate. In 
this embodiment, a configurable programmed holographic structure 902 comprises an 
input port 904, an output port 906, a plurality of segments 908, and two sets of electrical 
traces 916, 918, the electrical traces 916 and 918 positioned adjacent to the configurable 
programmed holographic structure on a plane parallel to the configurable programmed 
holographic structure 902 within a monolithic structure 900. Through an electro-optic 
effect that can modify the index of refraction in close proximity to an electrical trace, 
applying a voltage (with respect to ground) to the set of traces 916 causes the diffractive 
elements to be positioned at locations centered on arcs 910, whereas applying a voltage to 
the traces 918 causes the diffractive elements to be positioned at locations centered on 
arcs 912. Although this figure shows the traces situated below the configurable 
programmed holographic structure, conductive traces may be situated in any orientation 
that permits coupling to the configurable programmed holographic structure; also, the 
number of such sets of traces, their shape, and configuration may vary with application. 
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In another implementation, varying voltages may be applied to individual traces 
which are not connected to one another. Fig. 10 shows such an implementation. 
Adjusting the respective voltage applied to individual traces 1016 may, for instance, 
control the index of refraction of one or more diffractive elements 1010 comprising a 
5 segment 1008, which can be used to, e.g., adjust the amplitude of the output signal, or to 
encode a waveform with arbitrary amplitude and phase modulation. The spacing of the 
traces 1016 varies with the required phase control. For simple on/off control, the trace 
spacing may equal the fringe spacing of roughly A/2. Higher order diffraction may also 
be used so that fringe spacing is some integer multiple of A/2. For a carrier wavelength 
10 Ao=1.5 microns, in materials with indices of refraction ranging approximately from n=1.5 
to approximately n=3, the spacing of traces is on the order of 0.5 to 1.0 microns, well 
within the capabilities of current electronic patterning technologies. 


5 


Ul It should be pointed out that these spacing requirements apply to the case where 

Jj 15 the respective angles between the respective output port(s) and respective input port(s) is 
much less than 1 radian. The spacing requirements are actually relaxed somewhat at 
Q larger angles. Also, this assumes no skipping of traces as one can do when configuring 
|4j the diffractive structure to operate on higher order diffraction. For finer phase shifting, 

XSSI. 

^ e.g., quadrature phase-shift keying and multi-level phase-shift keying, the control 
^ 20 electrode traces may make finer shifts in the spatial structure of one or more segments. 
Fine phase control may be achieved by applying different voltages to the various control 
electrodes, akin to summing a sin wave and a cosine wave to achieve a phase-shifted sine 
wave. 


25 Another implementation for altering the function of a segment within a 

configurable programmed holographic structure is to alter the average index of refraction 
of the segment. In one embodiment, it is assumed that the segment's spatial structure is 
either fixed or switchable between a finite number of states. The average index of 
refraction of each segment can be controlled by several means, including electronic, 
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optic, and thermal; in the embodiment discussed here the average index of refraction will 
be assumed to be controlled via an electro-optic effect. Each segment of a configurable 
programmed holographic structure may have an electrode e.g., above or below the 
configurable programmed holographic structure, that alters the average index of 
5 refraction of the segment. This embodiment is illustrated in Fig. 11. A segment 1008 of 
a configurable programmed holographic structure 1002 is situated above an electrical 
trace 1116 which may be held at a voltage via a connector 1118. 

Shifting the average index of refraction of a segment may have two consequences: 
10 1) a shift in the center of the wavelength response curve of the segment, from its initial 
value Xo, to a value (n+An)Xo/n, where n is the intial average index of refraction and An is 
the change in average index of refraction for the segment; and 2) a shift in the phase of 
the optical signal as it passes through the segment with the altered average index of 
S refraction; the phase shift is doubled for an optical signal that passes back through the 
rfj 15 segment a second time in its path to the output port. The phase shift for a single pass 
— through a segment is 27i(An d/A,), where A, is the processed wavelength and d is width of 
S 1 the segment. Each segment may have its own controlled average index of refraction, or 
q may be coupled with one or all of the other segments. 

SB53 
f 

<xz s 

iy 

gs 20 The implementation of altering the average index of refraction of the segment, as 

iTl described above, may be used for calibration or stabilization purposes, such as to 
maintain the configurable programmed holographic structure at the proper operating 
wavelength. In another application for this implementation, as exemplified in another 
embodiment as shown in Fig. 12, each segment 1008 may comprise multiple sub- 
25 segments, a sub-segment 1210 comprising one or more diffractive elements 1010 within 
the segment and typically less than all of the diffractive elements 1010 comprising the 
segment 1008, each sub-segment of which may have different average index of refraction 
which may be controlled by an electrical trace 1216 situated below (or adjacent to) the 
sub-segment. Such an embodiment may be useful in e.g., a multiplex application, or for a 
30 steering application which is similar to the operation of a phased array. 
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Another implementation for altering, configuring, or re-configuring configurable 
programmed holographic structure employs small gaps between segments, within which 
the index of refraction may be controlled. Here again, it is assumed that the spatial 
structure is either fixed, or else the spatial structure is switchable between a finite number 
5 of states. Consider a configurable programmed holographic structure of nominal 
thickness L, divided into N segments of thickness d=L/N. In one embodiment, between 
each segment is situated a gap of thickness 5. The gap may have an electrode positioned 
in close proximity, e.g., above or below it. An embodiment employing this 
implementation is illustrated in Fig. 13. A configurable programmed holographic 
10 structure 1302 comprises a plurality of segments 1308. A gap 1310 is situated between 
two segments 1302. The index of refraction of the gap 1310 is controlled by an electrode 
1320 whose potential can be varied, resulting in a change in the index of refraction of the 
S gap 1320, via an electro-optic effect. 
CO 

u\ 15 Assuming that the material in the gap is electro-optical ly active, application of a 

D S3 

voltage to the electrode may cause a shift An in the index of refraction of the gap, 
resulting in an optical path difference of (An 8) for light passing through the gap. This 

A^2 ^ 

corresponds to a phase shift for the light, of <p = • (2n) on single pass, or 


to 


ru 


2 Aai & 

<p = • (27t) if the light passes back through the gap. Segments contribute to the 

20 temporal impulse response function of the holographic structure such that segments 
closest to the input port contribute to the earliest temporal intervals while segments 
farthest from the input port contribute to the trailing temporal intervals. A particular gap 
effects phase shifts on the light returned by all segments located farther from the input 
port than the gap and hence to all temporal portions of the impulse response function later 

25 than the time corresponding to the first segment farther from the input port than the gap. 
To shift the phase of light reflected from only a single segment, gaps located before and 
after the segment with opposite phase shifts can be employed. Let cpj = 2n (Anj8j)A, be 
the phase shift introduced by a gap located just to the input-port-side of segment j, which 
segment possesses a complex transfer function Gj . The optical field that will exit the 
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output port of the device after interacting with the N segments of the holographic 
structure and associated phase-control gaps will be 


where E in (t) is the input signal whose entry into the input port results in the generation of 
the output signal E out (t) and n is the average index of refraction seen by signals 
propagating through the holographic structure. 

Combinations of the above-described programming and dynamic control 
implementations can be used for both gross and fine control of the phase relationships of 
the segments, as well as for overall tuning of the grating for calibration purposes. For 
example, a preferred embodiment for encoding and decoding multi-level phase shift 
keyed codes is to 1) employ spatial structure changes to effect large phase shifts in 
individual segments, 2) use the gap method to make fine adjustments to the phase shifts 
of the segments, and 3) use the full-segment index of refraction changes to tune the 
structure to the desired operation wavelength. 

One of the factors that will need to be considered in the implementation of 
configurable programmed holographic structures based on temporal-image diffractive 
patterns, is the stabilization of the properties of the configurable programmed holographic 
structures relative to changes in ambient temperature. The higher the spectral resolution 
demanded, the greater will be the challenge of packaging configurable programmed 
holographic structures with adequate thermal stability. This is a common problem in 
optical devices wherein spectral response derives from physical structure. Great strides 
in thermal compensation have been made in the case of thin film and fiber grating 
devices. Many of those same compensation/stabilization methods can be applied to 
configurable programmed holographic structures. Alternatively or in addition, simple 
reference patterned structures can be designed into the configurable programmed 
holographic structure devices, to produce a reference signal for active locking. In the 
case of an integrated circuit-based configurable programmed holographic structure, all 


N 


k 
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active stabilization may be integrated onto the single monolithic waveguide/electronic 
substrate. 

Having illustrated and described the principles of the invention in the above- 
described embodiments, it should be apparent to those skilled in the art that the 
embodiments can be modified in arrangement and detail without departing from such 
principles. In view of the many possible embodiments to which the presented may be 
applied, it should be recognized that the illustrated embodiments are only examples of the 
invention and should not be taken as a limitation on the scope of the invention. Rather, 
the invention is defined by the following claims. It is therefore claimed as the invention 
all such embodiments that come within the scope and spirit of these claims. 
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